Background/Aims: To investigate the effects of renal denervation (RDN) on multi-organ fibrosis and vascular remodeling in cardiomyopathy. Methods: Thirty-six male Sprague-Dawley rats underwent transverse aortic constriction (TAC). Five weeks later, 28 surviving TAC rats were randomly assigned to three groups: (1) RDN, (2) Sham, (3) Carvedilol. Six male Sham TAC rats served as the Control. Ten weeks after TAC, samples were collected. Results: TAC rats showed an increased diastolic interventricular septal thickness at week 5. At 10 weeks, Masson staining showed that left ventricular and renal glomerular fibrosis were significantly reduced in RDN compared with Sham group. In comparison to Sham group, hepatic perivascular fibrosis was attenuated in both RDN and Carvedilol group, so were the media thickness and the media/ lumen of aorta. The plasma levels of B-type natriuretic peptide (BNP), Cystatin C (Cys-C), Alanine Transaminase, angiotensin II (Ang II), transforming growth factor beta 1 (TGF-β1), and malondialdehyde increased, and total superoxide dismutase (T-SOD) decreased in Sham but not in RDN group, compared with Control group. Both RDN and Carvedilol reduced the Cys-C and TGF-β1 levels, and restored T-SOD concentration, compared with Sham group. While only RDN lowered the plasma levels of BNP and Ang II. No significant effects of RDN on blood pressure (BP) and heart rate (HR) were oberved. Conclusions: RDN can attenuate multi-organ fibrosis and improve vascular remodeling independent of BP and HR change in TAC-induced cardiomyopathy. These effects of RDN may be associated with the direct inhibition of reninangiotensin-aldosterone system and oxidative stress.
Introduction
Cardiac pressure overload leads to maladaptive myocardial remodeling, including cardiac hypertrophy, systolic and diastolic dysfunction as well as fibrosis [1, 2] . Cardiac dysfunction can cause kidney and liver damage [3, 4] . Also, there is a crosstalk between heart and kidney [3] . Cardiac and renal dysfunction and fibrosis amplify the risks of failure and fibrosis of other organs, including the liver, due to inflammatory factors, reactive oxygen species and the over activity of sympathetic nervous system and the renin-angiotensinaldosterone system (RAAS) [3, 5] . Fibrosis, which occurs as a result of the proliferation of interstitial fibroblasts and deposition of extracellular matrix [6] , may be the common pathway for multi-organ damage. Fibrosis in the heart leads to various cardiac disorders, such as heart failure (HF) and cardiac arrhythmias [7] . Fibrosis in kidney results in chronic kidney disease [8] . Fibrosis in liver accounts for cirrhosis and hepatocellular carcinoma [9] . Simultaneously, vascular remodeling may lead to arteriosclerosis [10] . It is an urgent problem to prevent multi-organ fibrosis and vascular remodeling in HF.
Renal denervation (RDN) represents a novel technique, which can reduce blood pressure (BP) and heart rate (HR) in patients with resistant hypertension [11, 12] . Apart from the beneficial effects on BP, RDN can also improve left ventricular hypertrophy and diastolic function [13] . The mechanism may be associated with the inhibition of fibrosis [14] . However, effects of RDN on multi-organ fibrosis and vascular remodeling in HF are little known. The aim of this study was to investigate the effects of RDN on multi-organ fibrosis and vascular remodeling in cardiomyopathy and compare its effects with carvedilol.
Materials and Methods

Animals and experimental design
All procedures in this study were approved by the Ethics Committee of Nanjing Medical University. The animal experiments were performed conform the NIH guidelines (Guide for the care and use of laboratory animals) and the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. Forty-two six-week old Sprague-Dawley rats (200 -220 g) were provided by Nanjing Medical University Laboratory Animal Center. After being housed in cages for one week for adaption period, 36 rats underwent transverse aortic constriction (TAC) procedure, while 6 rats underwent sham TAC served as Control. Echocardiography was performed at week 0, 5, 10. TAC and RDN were performed after echocardiography at week 0 and 5, respectively. At week 5, 28 surviving TAC rats were randomly assigned to 3 groups: TAC with sham RDN operation (Sham, n = 10), TAC with carvedilol (Carvedilol, n = 9) and TAC with RDN operation (RDN, n = 9). Carvedilol was given orally at a dose of 10 mg/ kg for 5 weeks. The dosing regimen of carvedilol was based on previous study [15] .
Transverse aortic constriction TAC was performed in rats as described previously [16] . In brief, rats were anesthetized with a single intraperitoneal injection of pentobarbital sodium (60 mg/kg) until they lost the pedal withdrawal reflex. Then, during ventilation with 100% oxygen, thoracotomy was performed at the second intercostal space, and the ascending aorta was partially occluded using a bent 20-Gauge needle. Then, the needle was quickly removed after ligation. Rats in the Control group experienced the same procedures, but aortic arch was not ligated.
Renal denervation
Five weeks after TAC, bilateral RDN or sham operation was performed in rats. The surgical procedures were performed as described previously [17] . In brief, rats were anesthetized with intraperitoneal injection of pentobarbital sodium (60 mg/kg). The loss of the pedal withdrawal reflex was regarded as the adequacy of anesthesia. Then, all visible nerves, connective tissue and fat around the renal arteries were stripped or severed. Next, renal vessels were painted with 20% phenol in an alcohol solution to destroy the remaining nerves. Finally, renal arteries were washed with isotonic saline. The Control, Sham and Carvedilol groups underwent the same procedures, but the renal vessels and nerves were not handled.
Echocardiography and hemodynamics
Echocardiography was performed under anesthesia with isoflurane with Vevo2100 (VisualSonics, Canada) system equipped with a MS-250, 16.0-21.0 MHZ imaging transducer. HR was recorded at the same time. Tail-cuff pressure was measured 5 weeks after RDN in conscious state by non-invasive method using the Coda system (Coda, Kent Scientific, USA).
Histological analysis
All rats were sacrificed after being injected with an overdose of pentobarbital sodium (200 mg/kg). Then, the heart, kidneys, liver, and aorta were taken out from the body respectively after perfusion with icecold PBS. The excised hearts were separated into left atrium (LA) and left ventricular (LV) and fixed with 4% paraformaldehyde and then embedded in paraffin. For other organs, the procedures were the same. Masson's trichrome staining was performed to detect LA, LV, kidney and liver fibrosis as well as vascular remodeling. We randomly selected 6 microscopic fields (X 400) for analysis. Collagen volume fraction (CVF), expressed as the percentage of pixels of positive collagen staining divided by total pixels of per field was used to evaluate the extents of fibrosis by the Image-Pro Plus 6.0. The media thickness, the lumen diameter and the media/lumen of the aorta, indexes of vascular remodeling [18] were also analyzed by this software.
Immunohistochemistry
Immunohistochemical staining of kidney for tyrosine hydroxylase (TH) was performed using antityrosine hydroxylase antibody. Six representative fields were randomly selected for analysis and the integrated optical density per field (IOD) was measured by Image-Pro Plus 6.0.
Enzyme linked immunosorbent assay
Blood samples were collected into tubes containing EDTA, and then centrifuged at 3000 rpm at 4°C for 10 min to separate the plasma, which was stored at -80°C until enzyme linked immunosorbent assay (ELISA) testing. Corresponding ELISA kits (Nanjing Jiancheng Biological Product, Nanjing, China) were prepared to analyze the activity of total superoxide dismutase (T-SOD). Kidneys specimen were homogenized and centrifuged at 3000 rpm for 10 min and then the supernatant was collected. Renal norepinephrine (NE) content was measured to verify the efficacy of RDN by ELISA Kit (E-EL-0047c, Elabscience Biotechnology, Wuhan, China). Cystatin C (Cys-C) and Alanine Transaminase (ALT) in plasma were measured using Cys-C ELISA kit(E-EL-R0304c, Elabscience Biotechnology, Wuhan, China) and ALT ELISA kit(E-EL-R1232c, Elabscience Biotechnology, Wuhan, China), respectively. Plasma B-type natriuretic peptide (BNP), angiotensin II (Ang II), amino-terminal pro-peptides of types I and III collagen (PINP and PIIINP), transforming growth factor beta 1 (TGF-β1), norepinephrine (NE) and malondialdehyde (MDA) levels were tested using ELISA kits according to the instruction books (Uscn Life Science Inc, Wuhan, China) at week 10.
Statistical analysis
All data are shown as mean±SEM. Statistical analysis was performed using SPSS 16.0 software. Data were analyzed using one-way ANOVA followed by LSD test. P values < 0.05 were considered statistically significant.
Results
Effect of RDN on cardiac hypertrophy and dysfunction
At the end of the study period (10 weeks), 6, 6, 5 and 6 rats survived in Control, Sham, Carvedilol and RDN group, respectively. Cardiac structure and function was detected by echocardiography at week 5 and 10. At 5 weeks post TAC, echocardiography revealed significantly increased diastole interventricular septal thickness (IVSd) and left ventricular posterior wall in diastole (LVPWd) in rats with TAC compared with Control, indicating that model had been sucessfully built. At 10 weeks post TAC, EF and FS were markedly increased in the RDN group rather than the Carvedilol group, compared with the Sham group. Also, IVSd and LVPWd were significantly increased in both RDN and Carvedilol group in comparison with the Control group. However, there was no differences in LVDd among these four groups (Table 1 and Fig. 1 ).
Effect of RDN on BNP, Cys-C and ALT
Five weeks after RDN, the plasma levels of BNP, Cys-C and ALT were significantly increased in the Sham group but not in RDN or Carvedilol group, compared with the Control (Fig. 2) .
Effect of RDN on fibrosis in ventricle, atrium, kidneys and liver
Masson staining showed that LV and renal glomerular fibrosis were significantly reduced in the RDN group compared with the Sham group ( Fig. 3 and 4) . Both RDN and Carvedilol showed a decreasing trend of CVF in LA and renal tubulointerstitial compared with the Sham group ( Fig. 3 and 4) . In addition, both RDN and Carvedilol significantly reduced the extents of perivascular fibrosis of liver (Fig. 5) .
Effect of RDN on vascular remodeling
The distal of the aortic constriction was examined. Masson staining showed that the media thickness of aorta was significantly reduced in both RDN and Carvedilol group compared with the Sham group. However, no significant differences were detected in the lumen diameter of aorta among all four groups. Also, both RDN and Carvedilol reduced the media/lumen, an index of vascular remodeling, in comparison with the Sham group (Fig. 6) .
Effect of RDN on blood pressure and heart rate Five weeks after RDN, the Sham group showed higher systolic BP than the Control group. Carvedilol but not RDN reduced the systolic BP compared with the Sham group (Fig.  7A) . However, there was no significant difference in diastolic BP and HR among these four groups (Fig. 7B and 7C) . was significantly reduced in the RDN group compared with the Sham group. Also, renal norepinephrine (NE) level was significantly decreased in both RDN and Carvedilol group in comparison with the Sham group. However, no significant differences were found in the plasma level of NE among these four groups (Fig. 8) . These confirmed the completeness of RDN.
Effect of RDN on TGF-β1, PINP, PIIINP, Angiotensin II and Oxidative Stress
Five weeks after RDN, the plasma levels of TGF-β1, PINP, PIIINP, Ang II and MDA were significantly increased, T-SOD level was decreased in the Sham but not in RDN group, compared with the Control group. The level of PIIINP and Ang II decreased in RDN as compared with the Sham group. Both RDN and Carvedilol reduced TGF-β1 concentration, and restored T-SOD level in comparison to the Sham group (Fig. 9) . 
Discussion
The major findings of this study are as follows: (1) RDN improves cardiac, renal and hepatic dysfunction in HF at the same time by inhibiting fibrosis; (2) RDN prevents cardiac, renal and hepatic fibrosis and improves vascular remodeling independent of BP and HR change; (3) RDN can directly inhibit RAAS system and oxidative stress. The levels of BNP, released predominantly from the ventricles, are related to degree of HF. Simultaneously, BNP level reveals a positive correlation with left ventricular end-diastolic pressure and with functional impairment as reflected by New York Heart Association (NYHA) class, meant that higher BNP level are associated with a higher mortality in HF [19] . Cystatin C, reflecting glomerular filtration rate (GFR), is associated with an increase in all-cause mortality in HF [20, 21] . Abnormal liver function in HF is another predictor of increased mortality [22] . In our study, RDN could reduce BNP, Cystatin C and ALT levels, meant that RDN may reduce mortality in HF. What's more, these effects were comparable to carvedilol, a widely used drug in HF. The mechanism of RDN improving cardiac, renal and hepatic dysfunction as well as reducing mortality in HF may be associated with the inhibition of fibrosis.
Fibrosis is a common pathway to organ injury and failure [14] . Myocardial fibrosis causes cardiac systolic and diastolic dysfunction, cardiac arrhythmias and even sudden death. A study revealed that a 3% increase in extracellular volume fraction will increase 50% cardiovascular events [22] . Ventricular fibrosis can lead to LV dysfunction and ventricular arrhythmias [23] and atrial fibrosis plays an important role in occurrence and development of atrial fibrillation [24] . Atrial fibrosis has been an independent predictive factor of the cardiovascular events. Renal fibrosis, characterized by accumulation of extracellular matrix, is the common pathway for a variety of chronic renal disease that leads to end stage renal failure [25] . Hepatic fibrosis is the early reversible stage of cirrhosis and its most advanced stage is decompensated cirrhosis, along with various complications, arousing high morbidity and mortality [26] . Hypertension is a major risk factor for heart failure, cerebrovascular disease, myocardial infarction and peripheral artery disease. Simultaneously, hypertension is related to chronic vascular inflammation and remodeling, accelerating progressive vascular damage [27] . Moreover, vascular remodeling plays an important role in the pathogenesis and progression of atherosclerosis, hypertension and cardiovascular diseases [27] . PINP and PIIINP are regarded as the biomarkers of collagen types I and III synthesis as they are products during collagen production [2] . In our study, RDN attenuated LA, LV, tubulointerstitial, glomerular and hepatic fibrosis as well as improved vascular remodeling. All these were consistent with previous studies. In Dahl salt-sensitive hypertensive rats, RDN significantly reduced cardiac fibrosis [28] . Also, RDN markedly attenuated renal fibrosis in an ischemic renal injury model [29] . We recently assessed and compared impacts of RDN with losartan on cardiac and renal fibrosis in rats with pressure overload [30] . We found that RDN significantly prevented cardio-renal fibrosis through regulation of RAAS. The current study further demonstrated that RDN could attenuate cardiac, renal and hepatic fibrosis and improve vascular remodeling in HF at the same time. Differing from the previous study, we also compared RDN with carvedilol, a non-selective beta-blocker with alpha-blocker activity, which is often used to treat hypertension, heart failure and cirrhosis [31] . It can reduce myocardial fibrosis [32] , renal fibrosis [33] and hepatic fibrosis [34] . In this study, we observed that RDN had non-inferior effect to carvedilol in protection from multi-organ fibrosis and vascular remodeling, involving prevention of oxidative stress in addition to RAAS.
The activation of the RAAS plays an important role in the development of organ fibrosis [3] and vascular remodeling [35] . Ang II, the main effector of RAAS, is regarded as a critical promoter of fibrogenesis. TGF-β1, a kind of fibrogenic cytokines, is the key mediators of the pro-fibrotic effect of Ang II [36] . RDN significantly reduced the plasma levels of Ang II and TGF-β1 in our study, which was consistent with previous results [17] . Carvedilol can also inhibit RAAS system and fibrogenic cytokines [33, 37] . RDN was non-inferior to carvedilol in inhibiting RAAS system in our study.
There is a crosstalk between RAAS and oxidative stress. Reactive oxygen species (ROS) are important mediators of the pro-fibrotic action of Ang II [38, 39] . Increased ROS production can lead to excess oxidative stress, which exhibits lipid peroxidation, protein oxidation, DNA damage and fibrosis [39, 40] . Superoxide dismutase (SOD) plays a major role in antioxidant defense by catalyzing the dismutation process of superoxide anion into oxygen and hydrogen peroxide. Malonaldehyde (MDA), a product of lipid peroxidation, is regarded as an indicator of free radical activity and tissue damage [41] . In the failing heart, the expression of Ang II, TGF-β1 and MDA increases, while the expression of SOD decreases [17, 42] . Elevated Ang II level can further increase the expression of TGF-β1, which aggravates organ fibrosis and vascular remodeling. In our study, RDN lowered the plasma level of MDA and restored T-SOD level. Our findings are partly consistent with the study by Peleli et al. [43] . However, using a rat model of TAC induced HF, we compared RDN with carvedilol, a therapeutic drug for organ fibrosis and oxidative stress [34] . Simultaneously, improvements of multi-organ fibrosis and vascular remodeling were also observed in the present study.
There were several studies reporting of a subgroup of patients non-responding to RDN [44] . Similarly, no significant change in BP and HR following RDN was observed in our study. The small sample size may account for this. However, fibrosis and vascular remodeling were still improved. This is partly in line with previous clinical studies [44] [45] [46] . Therefore, it is plausible to find that RDN exerted its anti-fibrosis and anti-remodeling effects in a BP and HR independent manner in our study.
Study limitation
Some limitations of this study should be noted. First, TAC model can imitate the pressure overload induced by hypertension. Nonetheless, TAC model is not the same as essential hypertension. Second, we were unable to determine the optimal dose of carvedilol. Previous studies have shown that carvedilol has antioxidant effects in healthy subjects treated with small and moderate doses (6.25 -25 mg/day) [47] . We selected a common used dose in rats (10 mg/kg/day) [15, 48] . This dose of carvedilol therapy did not result in HR lowering in streptozotocin-induced diabetic rats [48] . Similarly, no HR-lowering effect of this dose of carvedilol was observed in this study. However, BP-lowering effect of carvedilol was detected, indicating the dose in our study had worked. Besides, we had no intention to promote the dose of carvedilol to clinical use. Last, further studies should investigate whether RDN can attenuate brain, lung and pancreas fibrosis.
Conclusions
RDN can attenuate multi-organ fibrosis and improve vascular remodeling independent of BP and HR change in TAC-induced cardiomyopathy. These effects of RDN may be associated with the direct inhibition of RAAS and oxidative stress. 
